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SUMMARY 




An existing empirical analysis relating to the reorientation of liquids 
in cylindrical tanks due to propulsive settling in a low -gravity environment 
was extended to include the effects of geyser formation in the Weber num- 
ber range from 4 to 10. Predicted liquid reorientation times and liquid 
leading edge conditions compared favorably with experimental results ob- 
tained from previously unpublished data. Estimates of the minimum ve- 
locity increment required to be imposed on the propellant tank to achieve 
liquid reorientation were made. The resulting Bond numbers, based on 
tank radius, were found to be in the range from 3 to 5, depending upon the 
initial liquid fill level, with higher Bond numbers required for higher ini- 
tial fill levels. The resulting Weber numbers, based on tank radius and 
the velocity of the liquid leading edge, were calculated to be in the range 
from 6. 5 to 8. 5 for cylindrical tanks having a fineness ratio of 2. 0, with 
Weber numbers of somewhat greater values for longer cylindrical tanks. 

It therefore appeared to be advantageous to allow small geysers to form 
and then dissipate into the surface of the collected Uquid in order to 
achieve the minimum velocity increment. 

The Bond numbers which defined the separation between regions in 
which geyser formation did and did not occur due to propulsive settling in 
a spherical tank configuration ranged from 2 to 9 depending vp ,n the liquid 
fill level. 





INTRODUCTION 

For space vehicles using liquid propellants, the problem of position- 
ing the propellant over the outlet of the tank in a low -gravity environment , 
prior to the start of outflow, continues to be an area of concern. There 
appear to be at least three liquid propellant management techniques that 
might be utilized defending on the specific mission of the space vehicle. 
One technique that might be utilized for the tanks of a propellant resupply 
vehicle, where liquid outflow over a long period of time under zero-gravity 
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or very low-gravity conditions is required, would be the use of eithei a 
plete screen liner or multiple screen channels (e.g., ref. 1). A secon ec - 
nique that might be utilized for a propulsion stage (or module) would be the 
use of a start basket located over the tank outlet, such as proposed in t e er- 
ence 2 for the Centaur vehicle. Although the use of a start basket loo s 
promising for situations where a large number of engine restarts in space 
is required there are still some areas of uncertainty when a start basket is 
proposed for use with a cryogenic liquid. These are primarily due to the 
possibility of heat leaks into the basket drying out the wicking screens which 
maintain liquid within the basket between periods of outflow. 

One alternate technique to the use of a start basket foi civogenic pi ope 
lants may be to reorient (or position) the liquid over the tank outlet by means 
of propulsive settling. This would also free the tank vent of liquid so (hat 
venting of vapor could occur. Propulsive settling most often involves the use 
of small auxiliary thrusters to reorient the propellant by pi oviding a low ^ 
gravity acceleration in the direction of the main engine thrust. In order .or 
the propulsive settling technique to be competitive on a weight basis with the 
start basket technique, the propellant usage and other weight penalties must 
be minimized. This can be accomplished by providing only the required ac- 
celeration to the space vehicle for an optimum period of time (i.e. , by pro- 
viding a minimum velocity increment) so that the propellant is reoriented 
over the tank outlet without initiating any vapor entrainment, excessive gey- 

sering or other unwanted fluid motion. 

Efforts to experimentally determine the liquid reorientation character- 
istics within propellant tanks were reported in references 3 and 4 for cylin- 
drical tank configurations and in reference 5 for spherical tank configura- 
tions Liquid reorientation was generally achieved by imposing a constant , 
low-level acceleration on the tank, starting' from a weightless condition. 

The primary purpose of this report is to extend the empirical analysis by 
including additional data obtained from the original motion picture data films 
for cylindrical tanks presented in reference 4, so that (1) the total liquid 
reorientation time could be estimated for a given low-level tank accelera- 
tion, and (2) the required vehicle acceleration and propellant reorientation 
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for Phencal tanks reported in reference 5 to indicate the Bond nun b 
Where geysering of the liquid begins to occur. 

exanL^ntr^r herein Was ‘ ntended t0 be a P reli ™™'y effort in 
xanumng (1) the liquid reorientation characteristics for both cylindrical 

gained bvus :. C ° ni,gUralions ' ““ < 2 > ‘ho potential advantages to be 
mittent m USIng eithe1 ' a oonstant low-level tank acceleration or an inter- 
higher-level tank acceleration. In this preliminary effort no e x 
permiental data generated from recent drop tests was obtained 


SYMBOLS 


acceleration, cm /sec* 

Bond nnmhov ^ r>2 


Bo Bond number, 41 

FL ratio of liquid volume to tank volume, v^/v 

FK fineness ratio, tank length, tank diameter 
1 length, cm 

R radius, cm 

t time, sec 

V velocity, cm sec 

VL ‘ n bottom eOUS liqU ‘ d Ieadi " R edBe VelOClty at convG rgence of tank 
oottom, cm sec 

V L instantaneous liquid leading edge velocity at intersection between 
cylindrical and spherical portions of tank, cm /sec 
v volume, cm 3 


We Weber number, (V. ) 3 R > { 
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specific surface tension, o/t,, cm /sec 

3 

^ liquid density, g/cm 

a liquid surface tension, dynes/cm 

A increment 
Subscripts: 
c cylind -r 

i initial distance liquid leading edge must travel along cylindrical 
section of tank during reorientation 

j distance liquid film must travel along cylindrical section of tank 
wall after reorientation to reach flat liquid/vapor interface 

L leading edge 

1 liquid 

0 ullage 

T tank 

t total 

1-5 reorientation phase 


APPARATUS AND PROCEDURE 

The experimental apparatus was described in detail in references 4 and 5. 
The experimental tests were conducted in a 2.2 second zero-gravity drop 
, tower facility. The initial acceleration on the experiment package as a result 

of air drag was kept below 10 “ 5 g by allowing the package to fall freely inside 
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a protective drag shield. This allowed the formation of a highly -curved 
liquid -vapor interface representing the initial zero-gravity conditions as noted 
in figure 1. A low-level acceleration was then imposed on the experiment 
\ package by means of a cold -gas thruster to reorient the liquid to the opposite 

\ l end of the tank. The magnitude of the reorientation acceleration ranged from 

\ approximately 0. 005 to 0. 1 g. All data were recorded photographically, and 
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time measurements were obtained by viewing a precision sweep clock with 
a calibrated accuracy of approximately ±0. 01 second. 

The liquids and test tanks employed in the experimental investigation 
were, in general, representative of the properties and tank geometries of 
typical liquid -propellant systems. The physical properties of the liquids 
used are noted in table I. All liquids were analytic reagent grade and ex- 
hibited static contact angles very near 0° on the tank surfaces. The basic 
test tank configurations were: 

(1) cylindrical tanks with convex hemispherical ends. The tank radii 
ranged from 1, 65 to 3. 22 centimeters (0. 65 to 1. 27 in. ), and the fineness 
ratios (total length to diameter ratios) ranged from 2. 14 to 4. 

(2) spherical tanks. The tank radii ranged from 2.43 to 3. 06 centi- 
meters (0. 96 to 1. 20 in. ), 




DISCUSSION OF RESULTS 
Cylindrical Tank Configuration 

A summary of the test conditions for the cylindrical tank configui ation 
(convex bottomed tanks, ref. 4) is shown in table II. The liquid fill levels 
(FL) for these tests ranged from 0. 29 to 0. 83. The Bond numbers result- 
ing from the applied tank acceleration levels ranged from 3. 0 to 6. 7. 

In each of the experimental tests, the low-level tank acceleration was \ 

applied to provide the propulsive reorientation of the liquid to the opposite \ 

end of the tank where the outlet was assumed to be located (fig. 2(a)). The \ 

acceleration was applied at approximately the time that the liquid -vapor in- 
terface at the tank longitudinal centerline made its first pass through the 
normal 0-g equilibrium location. The applied acceleration initiated the 
flow of a film of liquid along the wall of the tank. The characteristic ve- 
locity (V L ) and acceleration (a L ) of the leading edge of the liquid film as 
well as the velocity of the vapor ullage bubble (Vq) as noted in figure 2(b) 
have been characterized previously (ref. 4). , 
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The basic sequence of events occurring during the reorientation process 
are shown in figure 3. The leading edge of the liquid film moved toward the 
bottom of the tank at a rate defined by the acceleration (a L ) while the vapor 
ullage bubble moved toward the top of the tank at a relatively constant velocity 
(Vq ). Once the leading edge of the liquid film impinged on the bottom of the 
tank with velocity V^, the liquid began to collect in the bottom of the tank. 

If the velocity of the leading edge (V^) was sufficiently large (as defined by 
the Weber number criteria (We > 4), ref. 4)), a geyser started to form al- 
most as soon as the liquid began to collect. Assuming that the Weber number 
(We - (V^) 2 R t /p’) was not too large (We < 10, for example), the axial pro- 
gression of the geyser slowed and then regressed so that the geyser would 
dissipate into the surface of the collected liquid. While the liquid collected 
at the bottom of the tank, the ullage bubble reached the top of the tank, and 
the liquid film started to clear from the tank wall. The total time required 
to reorient the liquid was then considered to be the sum of either tj + tg + 
tg or t^ + tg, whichever value was larger. The technique used for calcula- 
ting the time for each phase of the reorientation process is given in appen- 
dix A. In general, the time for each phase was written in terms of the final 
leading edge velocity (V^), the tank geometry and the fill level (FL). The 
leading edge velocity was determined by the value of the Weber number that 
was considered. The Weber number also defined the severity of the geyser - 
ing that was to be considered. The applied tank acceleration required to 
produce the specified reorientation characteristics was then calculated The 
listing of a relatively simple computer program to provide the various cal- 
culations required is given in appendix B. 

A comparison of the measured and calculated leading edge parameters 
as well as the times required for each phase in the reorientation process to 
occur is shown in table III. The agreement between measured and calculated 
values is generally good. Discrepancies of any significance were probably 
due to the failure to achieve a quiescent 0-g liquid -vapor interface prior to 
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the initiation of thrusting. Difficulties in locating the leading edge and in 
reading the scale placed alongside the f ank due to the motion picture camera 
being improperly focused also contributed to the uncertainty of some of the 
measured values. In many cases where the measured values are not shown, 
the available drop time was not sufficient to complete the liquid reorientation 
process. Equation (All) in appendix A, which was used to predict the time re- 
quired for a small or moderate sized geyser to form and dissipate into the 
liquid surface, was based on the measured results from tests 1, 5, and 7. 

In all other tests where a geyser was formed, the available drop time did 
noi allow observation of the complete formation mid dissipation of the geyser 
Also, the available drop time did not allow for a definitive observation of the 
time required for the liquid film to clem - from the tank wall once the ullage 
bubble had reached the top of the tank. Therefore, equation (A19) in appen- 
dix A represented only a crude approximation, at best, of this phase. More 
analysis supported by experimental testing would be necessary to provide a 
better estimate of the time required. 

The characteristics of the formation mid dissipation of a small geyser 
are shown in figures 4 mid 5 for tests 1 and 5, respectively. The geyser for- 
mation started almost immediately after the leading edge had reached the bot- 
tom of the tank and before much liquid had accumulated as can be noted in 
figures 4(a) mid 5(a). The geysers formed rapidly mid then dissipated into the 
surface of the collected liquid after a relatively short period of time. There 
was no indication of turbulent liquid motion or small bubble formation during 
this period of time. In both cases, the Weber number calculated for these 
tests was somewhat greater than 4. The curves faired through the data were 
used to determine the geyser tip velocities relative to the tank as shown m 
figures 4(b) and 5(b). In both cases, the geyser tip velocities were initially 
very high in the upward (positive) direction, mid then exhibited an S -shaped 
curve as the geyser tip reached its maximum height mid then settled into the 
surface of the collected liquid. The velocities of the surface of the collected 
liquid immediately after the geyser had dissipated were approximately twite 
the calculated vapor ullage bubble velocities (Vq 1.60 mid 2 64 centimeters 
per second (0.63 mid 1.04 in sec) for tests 1 mid 5, respectively) This may 
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have indicated, perhaps, that the liquid reorientation flow process had not 
reached a steady state condition prior to the end of the drop. 

Since it appeared that the empirical model presented in appendix A P - 
vided a reasonably good estimate of the time required to reorient the l.qu 
it was then of interest to optimize the acceleration levels to be app.'ed 
fal se that the liquid would be reoriented with a minimum velocity increment 
(AV = a~t) The results of a series of calculations foi a . cen lm 
(1. 27 in . ) radius tank are shown in figure 6 for a range of liquid sped ic sur- 
face tension from 11. 8 to 40. 9 cubic centimeters per second squared (0 to 
7 10 in 3 /sec 2 ) The results indicated that it was desirable to apply an accel- 
eration level to the tank so as to allow a small geyser to form (i. e. , the min- 
imum velocity increment occurred for a Weber number slightly greate, 
than 4) The geyser would then have been dissipated into the surface of Ih 
collected liquid prior to the time that the liquid film cleared from the tank 
wall. As the liquid fill level was increased, the applied acceleration 
Weber number could be increased because of the increased time requn e 
for the ullage bubble to reach the top of the tank. The minimum velocity in- 
crement for a given fill level occurred at the same Bond number .egaidless 

of the value of the liquid specific surface tension. 

It should be noted that, at the minimum velocity increment, the totid .e- 
orientation time was generally defined by t, = t, + t B as is shown in able IV 
for the same conditions noted in figure 6(a), for example The calculated 
time (t*) for the liquid film to clear from the tank wall was a substan i poi - 
tion of the total reonentatie" time. Since this calculation was also he weak- 
est link in the empirical model presented in appendix A a better definition of 
this phase of the reorientation process is a necessity foi u le woi 
total reorientation time tended to be relatively insensitive to the liquid fill 
level. The resulting values of Weber number for the minimum veloci y- 

increment reorientation varied between 6. 5 and 8. 5. 

The minimum velocity increment is plotted as a function of the liquid 
level (FL) in figure 7 for the three values of liquid specific surface tension 
considered previously in figure 6. The minimum velocity increment required 
to reorient the liquid increased with specific surface tension and also will 
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rm i eV cls of 0. 60 and greater for a tank 
,eve, up to a M> m osf llkcfy wet fhe cnf.ro «* 

with a fineness ratio of 2.0. the values of ij and « 2 

wan in a 0-g environment. In this as ^ ^ „ utput of the com- 

reorientation process would he • velocilv increment remained at 

puter program . appendix B> ^^Tof specific surface tension. In. he 
a relatively constant value 01 pseudo leading edge was still 

calculations, however, it was assumed tht ap- ^ c „u,d s,.U 

present so that a leading edg . , L {A6) in appendix A where V L 0. 

bc defined by mean. « ^ ;malyzc d further and then supported by 

This assumption, too, neeas 

experimental testing. function of Bond number is shown in fig- 

The velocity increment as a ^ ccnUmctors (0 . 19 ini) than that 

ure 8 for a smaller tank ra «» T n , inl ,„ u „, velocity increment 

. - * 

liquid. . . , l0IU r 0 r cylindrical tanks having 

The velocity increment or m * * fincnes8 ratios of 3. 0 and 4 0 

a radius of 3.22 ccnt.mctc.s ^ Compiu -.ng figure .Ha) along 

is shown in figures 10(a) and *. • ‘ U)C ml „ im um veioei.y moro- 

with figures 10(a) and (h). « can numbC r as die fineness rai.o 

ment occurred at higher va <M» ' orin « could he increased because ot 

increased (t.c. . the seventy of the • ^ roach lhe lop „f ,he tank 

the longer times required lor the » tlwrc W as a longer time available 

;U s the tank length was incrcas . . ( . lc0 „( (he collected liquid ) 

tor geyser growth and dissipation ^ # ^ o( , lU ievei to, 

The minimum velocity lncicm As the fineness ratio was 
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data previously calculated and presented in figures 6 8 and 

M „ „■ , n a single curve was obtained for all values of the liquid spe 

"me surfac enslor. and tai* radius considered. For the increasingly longer 
cific surface tens (he data feU in the shad ed areas adjacent 

irthe curve r r FR = 2. 0. The da« were displaced slightly from the curve m 
a random manner. This may have been just a problem with 
nique for calculating the required tank acceleration at a g.ven 
J values of fill level plus a slight geometry effect for fill levels t- 
than “o 60 In general, Bond numbers In the range from 3 to 5, depending on 
Tm level, were required for minimum velocity -increment reorientation o, 

^ Calculation of the velocity increment required to reorient liquid hydro-^ 
gen in a 200 centimeter (6. 56 ft) radius tank having a fineness ra i - 
conducted to gain an insight of the propulsive reorientation^uiremems 
more representative size propellant tank. The selection of thl > W “ 
bitrarv and was not representative of any particulai space i e i . 
r«e reflation are shown in figure 13. The reorientation times an 
the acceleration levels required to provide the minimum velocity mcremcnl 
over a range of fill levels are noted in table V. The minimum ve . y- 

increment reorientation W0 ^ ^-S^^^xio'^t^sec ) ^or^period 

centimeters per second squared (4.9 0 . V «i 0 ritv increment 

from 35. 9 to 39. 2 minutes. The values of the minimum vel 

required ranged from 3 . 28 to 5. 23 centimeters per second (0. 108 0. 

ft sec) It should be noted that these required acceleration levels are ex- 
tremely small, ranging from 1. 5x10'* to 2. 2<1<>- 6 g. Depending upm the 
orbital altitude of the spacecraft, these accelerations may be aboul the sat 
order of magnitude as the normal atmospheric drag. Therefore, depen mg 
upon the attitude of the spacecraft during the reorientation process, 
r„ eceS stry to increase the thruster size simply to overcome some compo- 
nent of the atmospheric drag in addition to the thrust required to ~or.cn, the 

propellant. 
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Spherical Tank Configuration 


The test conditions for the drrm ^ 

tank configuration and reported in retort T C ° ndUCted with a spherical 

f0r initiaI1 y curved and initially flat liould ''° ted taWes VI and VI1 

respectively. The tests for the initia l' *T 

allowing a short period of time under 0 a ^.‘ nterfa " e were conducted by 
achieve a curvature approximating the nZZ o “* in ‘ erface tu ' 

‘■on with a centrally located ullagT bubble beM configura- 

eration to the tank to reorient the liquid T he 7 3 low level a «cl - 

terface were conducted by firing the thr' , r “’ e in “ iall >' na ‘ in- 

per iment package was releasor 2 “7 "* ** 

low level acceleration continuously h • P ’ Th ° fhrusR?r Uien provided a 
Under both types of test l“ s ^ "* dr ° P t0 "«'** ‘he iiquid 
-me of the tests as noted in tab.es' dal 

“ lly dcflned ‘o be limited in g row th to a ' ■ ‘ Beyscr was ai ' bi - 

one-third of the tank radius or less A , maX "” Um heiRht of approximately 
bitrarily defined to have a maLmum 7 “* *° b’eyser w K ar- 

radius, with the distinction between „ 2 7^ ° f ^ 

subjective. moderate and severe being somewhat 

An empirical model to describe thn i;„ 
spherical tank undergoing a constant I "orientation process for a 

similar to that tor a cylindrical^ T* T* *' *» a -tanner 

exist. However, it was possible to d r PrCS ° nted ln a PPondix A does not 

a Keyser wou ld or would not occur 'ron^th ^ B ° nd nun,bcrs where 
VI. Extrapolation o, this data. wMc n s p 0 2 ! T'™ ia > aW ^ V. and 
he maximum Bond number for which ,1 ‘ 14 ■ "’ d ‘cated that 

‘o occur ranged fron, approxin.atelv 2 to 9 ov!' W0uld "o expected 

0 ' fL 1. 0. Increasing the Bond , H ° *' anRe of levels 

the same range of fill i eve j s appeiredT' d'r f ° approxima ‘e 1 V 4 to 1 1 „ VPr 
;md moderate to severe geyser fornnti ° ° ' n ° fh ° bounda, '>' ‘>etween small 
limited to just a few data points. ' a thout; h <hc data was admittedly 
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CONCLUDING REMARKS 

The inform?: k. n presented herein icprcsent?' only mi initial look at the 
characteristics of liquid reorientation in a low gravity environment by means 
of propulsive settling. Problem areas that were already pointed out as need- 
ing further investigation included: 

1. Determination of the parameters affecting the growth and dissipation 
of geysers in both cylindrical and spherical tanks. 

2. Determination of the time required to clear the liquid film from the 
tank wall after the bulk liquid has been reoriented in both cylindrical and 

spherical tanks, 

3. Determination of the ullage bubble rise velocity in cylu*fpcal tanks 
for cases where the tank is nearly full and the ullage bubble diameter is 

much smaller than the tank diamctei . 

4. Determination of the parameters governing the basic liquid reorienta- 
tion process in spherical tanks so that the minimum velocity increments re- 
quired may be calculated. 

In addition, it would also be of interest to develop an analytical model that 
would allow characterization of the liquid reorientation process during inter- 
mittent propulsive settling (intermittent thrusting). This technique nriv otfer 
some advantages over the use of continuous thrusting. 

And finally, it is necessary to develop experimental techniques and test 
facilities to verify analyses using reasonably sized test tanks and allowing 
times sufficientlv long to observe the complete reorientation process. 

! 0 : 

SUMMARY OF RESULTS 

An existing empirical analysis relating to the reorientation of liquids due 
to propulsive settling in cylindrical tanks was extended to include the etfects 
of geyser formation in the Weber number range from 4 to 10. An estimate 
of the reorientation times and optimum velocity increments -equired to re- 
orient the liquids in the bottom of cylindrical tank configurations was nuuje 
In addition, the Bond number criteria to denote the conditions under wlmW 
geyser formation would occur in spherical tanks was determined. All 
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experimental data were obtained from a reexamination of the data films orig- 
inally obtained for the experimental investigations reported by Salzman, 
Labus, and Masica in references 4 and 5. The following conclusions were 
reached: 

1. The empirical analysis predicted liquid leading edge conditions and 
'eorientation times which compared favorably with those determined experi- 
mentally for cylindrical tank configurations where data were available. The 
time for small geysers to form and dissipate into the collected liquid surface 
was characterized. The time required to remove the residual liquid film 
remaining on the tank wall once the ullage bubble reached the forward end of 
the tank was characterized in a rough -order -of -magnitude sense. Unfor- 
tunately, very little experimental data was available concerning this phase 
of the liquid reorientation process, even though a considerable portion of 
the total required reorientation time was attributed to it. 

2. Calculations of the minimum velocity increment required to be im- 
posed on a cylindrical propellant tank for reorientation of the liquid to occur 
indicated that Bond numbers in the range from 3 to 5, depending upon the 
liquid fill level, were required. Bond numbers appeared to be independent 
of the fineness ratio of the tank. The resulting Weber numbers for the liquid 
leading edge at the minimum velocity increment conditions (based on tank 
radius and instantaneous liquid leading edge velocity at the tank bottom) were 
calculated to be in the range from 6. 5 to 8. 5 for cylindrical tanks having a 
fineness ratio of 2. 0. It, therefore, appeared to be advantageous to allow a 
small geyser to form as long as it regressed and dissipated into the surface 
of the collected liquid prior to the time that the residual liquid film cleared 
from the tank wall. Somewhat higher values of the Weber number (i. e. , 
somewhat more severe geysering) were calculated for longer (FR ; 2) 
cylindrical tanks. 

3. The Bond numbers for a spherical tank configuration which defined 
the separation between regions in which geyser formations would and would 
not occur due to propulsive settling were extrapolated from available data 
and appeared to be in the range from 2 to 9 depending upon the liquid fill 
level. 
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APPENDIX A 


ESTIMATE OF LIQUID REORIENTATION TIME FOR A 


CYLINDRICAL TANK CONFIGURATION 


The fineness ratio for a cylindrical propellant tank having hemispher- 
ical ends (fig. 1(a)) was defined as the ratio of the total length to the diam 
eter, or: 


FR = 


The volume of the tank is then: 


21^ + l { 


4 ? 9 

v T = - 7^ + l Q n Ri£ 

3 


FR - IJ 2ttR£ 


For a partially filled propellant tank, the length (£.) of the cylindrical 
section of the wall that the leading edge of the liquid must travel (fig. 2(b)) 
must then be determined. Assuming that the liquid fill level (FL) of the 
propellant tank is given, the length {ij can be determined from: 


(1 - FL)v t - | ttr;* 
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It is desired to reorient the liquid from one end of the tank to the other 
by applymg a constant low-level acceleration to the propellant tank in the 
c ton no e in figure 1(b). In order to minimize the resulting velocity 
ncrement imposed on the tank, it is necessary to expend only the amount 

n enre f L re<!Uired reOT ‘ ent Pr ° Pel!ant W ‘ th ° Ut craa “"S va P“ entrain- 
Of Zr R r rmg ' ° r °‘ her U " Wanted nuid m0ti0ns - Presence 
Darted to th i- C °-n lh ° nS ‘ ndlCates that excess energy has already been im- 
"hTsett ! h qU ; ’ and ‘ hat 6Ven m ° re ener ® Wi " hava ‘° »e expended by 
condition ™ S ^ S t0 f ’ nally SetHe the “ ,Uid ‘° 2 relatlve! y quiescent 

Previous work conducted and reported in reference 4 indicated that a 
Weber number criteria may be utilized to describe conditions of liquid 
motion within the propellant tank where excessive geysering of the liquid 
can be avoided. The Weber number was defined as: 
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(A4) 


* " . L ./ S ‘ Vel ° City ° f the n « uicl impinging on the bottom of the tank 

of the longitudinal centerline. Oice the value of the Weber number hasten 

given which limits the disturbances imposed on the liquid, the velocity (V ’ ) 
then assumes a specific value v L ; 


v ; /We,A 1/2 
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The velocity of the leading edge of the liquid at the cylinder /sphere 
intersection of the tank was further defined in reference 4 as: 
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wTZr t 6 ' eading aCCe,era “« is constant. the velocity 
'Vjj* can also be written as: y 


v;: = (2a t IA ] 


for (A h’ reSUltS in " expressi0n 


a L = 


2(f, + R t ) 


,, , t I h l H ”?." eqU / red '° r the liquld leadin * ed « e to no* over the distance 
( l> ‘° ‘ he cyllnder/s P here tank intersection can then be determined * 0 “ 

v f? 
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1 a L V L 1 ^ (A9) 

intersection to cylinder /sphere tank 
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For the cases where the liquid fill level in the tank was sufficiently 
large such that the calculated value of Z. (eq. (A3)) was negative, it was 
assumed that the liquid wetted the entire tank surface and values for 
and tg would then be zero. 

For the case ; where the Weber number was greater than 4, but less 
than 20, drop tower films indicated that a geyser would form and then 
disappear into the liquid collectir.g at the bottom of the tank (ref. 4). The 
geyser formation started almost immediately after the leading edge of the 
liquid reached the bottom of the ttink. The time requii ed for the geyser 
to form and then disappear was assumed to be a function of both the Bond 
number and Weber number. From the limited data available, it appeared 
that the following empirical equation would predict the required time. 
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The time required for the ullage bubble to reach the top of the tank 
was described by: 
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t = S 1 for l . > 0 
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Noting that: 




from reference 4, equation (A12) can be rewritten: 
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For the cases where the tank was relatively full, and the calculated 
value of Z- < 0, the distance that the ullage bubble had to travel was cal- 
culated from: 


l Q = 2(R t x FR - R Q ) 
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where: 
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The time for the ullage bubble to move to the top of the tank was then 
determined from: 


(A17) 


For the computational process, it was assumed that could be still 
described by equation (A5) and that a^ could be calculated from equa- 
tion (A8) where Z^ = 0. The time for the ullage bubble to move to the top 
of the tank was then calculated from: 


2[(R T v FR) - R 0 ] (R t x FR) - R Q 

=5.51 ; 
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Values of calculated in this manner probably become more and more 
subject to question for Rq « R T . However, this technique was used for lack 
of a more reliable method of calculating the ullage bubble velocity in a low 
gravity environment. 

The time required for the liquid film on the tank wall to disperse once the 
ullage bubble had reached the top of the tank was calculated from: 
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where 




(FR - 1) 


FL f FR - + I 


2R n 


It was assumed that the liquid/vapor interface was essentially flat due to the 
applied acceleration during the reorientation process. This may or may not 
be true depending upon the level of the applied acceleration being considered. 
It should be noted, however, that equation (A19), at best, represents only an 
estimate of the time required to disperse most of the liquid film. Equation 
(A19) has not been confirmed by any drop tower data due to the limited low- 
gravity environment time available (ref. 4). Any refinement of the time re- 
quired to disperse the liquid film will necessarily have to be the subject of 
further investigation. 

The total time required to reorient and settle the liquid in the bottom of 
the propellant was taken as the greater time calculated from either: 
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tank acceleration required to reorient the liquid in the bottom was 


ueter mined by an iterative process 


from the following equation (ref. 4): 


V 0 = 0.48 (aT V 1/2l -(^) 
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The velocity 
from : 


itv increment required to reorient the liquid was then determined 


AV T - 


The velocity increment is indicative of the propulsion system perfoi mance 
required; the lower the AV T , the smaller is the amount of propellant re- 
quired by the propulsion system assuming all other things aie equal. 




V 




ORIGINAL PAGE IE 

OF POOR QUALITY 


APPENDIX A 


LISTING OF COMPUTER PROGRAM TO ESTIMATE LIQUID 
REORIENTATION TIME DUE TO PROPULSIVE SETTLING 
IN A LOW GRAVITY ENVIRONMENT 
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TANK IE 0 S AS To AN I 
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tro A 14 I . ■ — — 
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OEIE. ("I NATION OF REOUIREO DELTA X ON TANK (EQ A23> 
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CONTINUE 

0FLV=AT*TT1 
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CALCULATIONS FOP VAPOR BUBBLE DIAMETER LESS THAN TANK 

di aheter 

71=0.0 

T 2- 0 • 0 
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ASSUME THAT THE VELOCITY AT THE APEX OF THE HEMISPHERE 

CAN STILL 
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BE DEFINED BY THE WEBER NUMBED CRITERIA 
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VLPrSORT ( (WE»B1/AT ) 
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VLPP-O. 0 
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Pluid cDllectTon Time to seTTle in *o)Tom of tank 
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calculate ullage bubble radius (EO A 1 6 1 
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CALCULATE time FOR ULLAGE BUBBLE TO HOVE TO OTHER END 
(EQ A 16 ) 

OF TANK 
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TABLE I. - PROPERTIES OF TEST LIQUIDS 


Liquid 

Density at 
20° C 

(p), 

g/cm 3 

Surface tension 
at 20° C 
(<?), 

dynes/cm 

Specific surface 
tension 

03 ), 

cmVsec^ 

Trichlorotrifluoroethane 

1.58 

18. 6 

11.8 

Carbon tetrachloride 

1. 59 

26. 8 

16.8 

Ethanol, anhydrous 

. 789 

22.3 

28.3 

Methanol 

. 793 

22. 6 

28. 5 

Ethanol, 20 percent a 

.973 

39.8 

40.9 


ci 

Composition by volume with distilled water. 
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TABLE n. - SUMMARY OF TEST CONDITIONS FOR THE 


CYLINDRICAL TANK CONFIGURATIONS 


Test 

Tank 

radius 

(R>. 

cm 

Fineness 
r atiu 
(FR) 

Test fluid 

Specific surface 

tension (,i), 

3 2 

cm sec 

Fill 

level 

(FL) 

Tank 

acceleration 

'V' 2 

cm sec 

Bond 

number 

(Bo) 

1 

1. 

65 

-1 

1 


Trichlorotrifluoroethane 

118 

0. 71 

16. 7 

3.9 

2 






Trichlorotrifluoroethane 

11. 8 

. 83 

16. 7 

3. 9 

3 






Ethanol, anhydrous 

28. 3 

. 81 

36. 3 

3. 5 

4 






Ethanol, 20 percent 3 

40.9 

. 72 

45. 1 

3.0 

5 

2. 

0 

2. 

25 

Ethanol, anhydrous 

28. 3 

. 62 

29.4 

4.2 

6 






Ethanol, anhydrous 

28.3 

. 29 

29.4 

4.2 

7 






Methanol 

28. 5 

. 51 

29.4 

4. 1 

8 






Methanol 

28. 5 

. 33 

29.4 

4. 1 

9 






Carbon tetrachloride 

16. 8 

. 38 

16. 7 

4. 0 

10 






Trichlorotrifluoroethane 

11.8 

. 77 

11. 8 

4.0 

11 


f 




Trichlorotrifluoroethane 

11. 8 

.45 

11. 8 

4.0 

12 

3. 

22 


2. 

14 

Ethanol, anhydrous 

28. 3 

. 71 

10. 8 

4.0 

13 






Ethanol, anhydrous 

28. 3 

45 

10. 8 

4.0 

14 






Carbon tetrachloride 

16. 8 

. 39 

10. 8 

6.7 

15 


I 


i 


Carbon tetrachloride 

16. 8 

. 67 

10. 8 

6. 7 


Composition by volume with distilled water. 







TABLE rv. - REORIENTATION TIME AND TANK ACPrr „ 

CCELERATION REQUIRED 

RE0EIENTAT ' 0N "*» *"■»*■ VELOCITY INCHED 

fRp = 3. 22 cm; FR = 9 ()• A 1 1 n 3 o 
pi — » = 11.8 cmVsec 2 . ] 


level c ^ r e acn 

(FL) ' Ipse of reorientation, sec 


010 2 - 78 

•20 2.17 .70 2.44 1.72 3.69 

30 1-68 .70 2.83 2.32 3.17 

• 0 1.22 .71 3.33 2.74 2.69 

• 0 - 77 .77 3. 69 3. 06 2. 31 

J 0 00 00 2.85 3.64 2.20 

•“ 00 I >-»7 1. 76 

" | °°| '»» I 4.39 1,32 

,00 f 4 oo 


/, 

cm /sec 2 


Bond Minimum 

T Weber 

number velocity 

number 

(Bo) increment 

(We) 

(AV), 


cm/sec 



6. 5 
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TABLE VI. - SUMMARY OF TEST CONDITIONS ^OR INITIALLY 

CURVED LIQUID/VAPOR INTERFACE IN SPHERICAL TANK 

Rian Tank Liquid Fill Specific surface Bond Geyser 

radius leve l tension ((]), number formation 

(FL) cm 2 /sec 2 (Bo) 


3.00 Ethanol 0.40 


3.06 


Freon TF 
Ethanol 


28.3 


11. 8 


3. 1 None 
Jr None 
6. 2 Small 
3. 1 None 
6.2 Small 
9. 7 Moderate 
23. 3 Severe 


3.2 

6. 5 

2.38 

4. 65 

2.32 

4.65 

2.04 

* 

4.09 

2.04 

























Direction d Gravity vector 
prior to entering reduced 
gravity 


Intersection o( cylindrical and 
hemispnericat sections d tank 


Assumed location of 
tank outlet 


♦ Direction of applied 

acceleration 



O-g liquid vapor 
interface 

. Leading edge 


, Location of measurement 

[/ of velocity V L “ 


Location of measurement 
o# velocity V L ’ 


tai tank ijeometry. 


Figure 2. 


lb( Liquid location at start* reorientation. 
Definition of tank geometry and liquid location. 
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0 T me *■ 

tj t i rn for liquid leading edge to reach cylindrical, hemi- 
spherical intersection. 

to ti r>* for liquid ieadini] Mqe to conunue fror i.ndn,- ji 

hemispherical intersection to bottom of tank. 

t $ tine for ije>ser to form and dissipate into collected liquid 

time for ullage bubble to reach top of tank. 

It, time for liquid film to clear from tank wall 

l ((jure 3. - Sequence of events for determining time required to 
complete liquid reorientation process. 
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<Vv$er tip settles 
into surface of 
collected liquid 


location of 
surface of 
collected liquid 

&r 



'■>' 1 ■e»ser tip >e!ocit, 

1 C\m .} 1 1 H i ” vmi"* >*.n 4 


a* <>e*ser tip lotdti-jo. 

figure >*. ■ .e>ser * u ar,n..teristics test 1 





Bond number 


(b> Specific surface tension = 28. 3 cm^/sec*\ 


ft 

I 



20 


0 


_L L 1 !_ _l 

2 4 6 8 10 12 

Bond numtier 


3 2 

lc) Specific surface tension * 4& 9 cm / sec . 

Figure 6. - Velocity increment required to reorient liquid as a function ol Bond number and fill level; tank radius ■ \ 22 cm, fineness ratio • Z 0, 
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Figure 13. - Velocity increment required to reorient liquid hydrogen in 
a cylindrical propellant tank having a radius ol 200 cm and a fineness 
ratio of 2 . 0, specific surface tension - 17. 6 cm 3 /sec\ 
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